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Processing speed is an important cognitive function that is compromised in 
psychiatric illness (e.g., schizophrenia, depression) and old age; it shares genetic 
background with complex cognition (e.g., working memory, reasoning).  To find 
genes influencing speed we performed a genome-wide association scan in up to three 
cohorts: Brisbane (mean age 16 years; N=1659); LBC1936 (mean age 70 years, 
N=992); LBC1921 (mean age 82 years, N=307), and; HBCS (mean age 64 years, 
N=1080).  Meta-analysis of the common measures highlighted various suggestively 
significant (p<1.21x10
-5
) SNPs and plausible candidate genes (e.g., TRIB3). A 
biological pathways analysis of the speed factor identified two common pathways 
from the KEGG database (cell junction, focal adhesion) in two cohorts, while a 
pathway analysis linked to the GO database revealed common pathways across pairs 
of speed measures (e.g., receptor binding, cellular metabolic process).  These 
highlighted genes and pathways will be able to inform future research, including 
results for psychiatric disease. 
 
Keywords: information processing speed; cognitive ability; genes; biological 
pathways
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Information processing speed is considered a lower level cognitive process, although 
it shares a large portion of its genetic variance with higher order abilities (e.g., 
reasoning, working memory) (Luciano, et al., 2003; Neubauer, 1997).  It is a cognitive 
domain that is particularly prone to deterioration with aging (Salthouse, 1996); for 
example, simple reaction time (RT) slows at around 50 years of age and choice RT 
slows throughout the adult range (Der & Deary, 2006).  However, similar to complex 
cognition with which it is correlated, the genes influencing speed are expected to be 
stable across the lifespan (Lyons, et al., 2009).  Speed is affected (slowed) in 
psychiatric conditions such as schizophrenia, depression and substance use disorder 
(Andersson, Lovdahl, & Malt; Jahshan, Heaton, Golshan, & Cadenhead; Latvala, et 
al., 2009) and RT has even been shown to account for the relationship between IQ and 
mortality in a cohort followed up until age 70 (Deary & Der, 2005).  It is therefore an 
important trait to understand, and in this study, we aim to locate genes influencing 
chronometric and psychometric processing speed measures via genome wide 
association.  These genes may underlie complex cognition or reflect genetic 
influences specific to speed because a large portion of genetic variance in processing 
speed is independent of higher order ability.   
Processing speed as measured by elementary cognitive tasks has been used to 
understand the genetic structure of human mental ability (Baker, Vernon, & Ho, 1991; 
Ho, Baker, & Decker, 1988; Rijsdijk, Vernon, & Boomsma, 1998; Wright, Smith, 
Geffen, Geffen, & Martin, 2000).  Reaction time measures and measures without a RT 
component (such as inspection time) demonstrate phenotypic correlations ranging 
between -0.30 to -0.50 with IQ (Deary, 2001; Deary, Der, & Ford, 2001; Deary & 
Stough, 1996).  More complex elementary cognitive tasks correlate more strongly 
with IQ, for example, choice RT confers a greater correlation with IQ than does 
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simple RT (Deary, et al., 2001; Larson, Merritt, & Williams, 1988).  Psychometric 
speed measures, such as digit symbol, contribute to the estimation of a person’s full 
scale IQ, typically forming part of a first-order perceptual speed factor.  Multivariate 
genetic analyses have found evidence for genetic pleiotropy among varied measures 
of processing speed (chronometric and psychometric) and, importantly, among speed 
and more complex cognitive abilities, notably IQ (Luciano, et al., 2004; Posthuma, de 
Geus, & Boomsma, 2001; Rijsdijk, et al., 1998).  For chronometric speed measures, 
common genes have been shown to influence the variation in processing speed and IQ 
rather than there being a causal relationship between the two (Luciano, et al., 2005), 
although in an older sample (50-89 years) and using psychometric speed measures a 
directional relationship from speed to spatial and memory abilities explained the 
genetic covariance (Finkel, Reynolds, McArdle, Hamagami, & Pedersen, 2009).  
Thus, the possibility exists that some information processing components serve as the 
bases for complex cognition, with the slowing of processing speed accounting for the 
ageing of other cognitive abilities.   
The search for genetic polymorphisms influencing information processing 
speed variables has been unimpressive: the first whole genome linkage scan (in 378 
families) of a collection of speed measures reported no linked chromosomal regions at 
a genome-wide significance criterion (Wright, Gillespie, Luciano, Zhu, & Martin, 
2008).  However, there were regions of suggestive significance reported for 8-choice 
RT mean (on chromosomes 1 and 11), 4-choice RT mean (chromosome 8), and a 
delayed response RT measure (chromosome 14).  It was noted that some of these 
linkage peaks overlapped with peaks observed for IQ, although most of the peaks 
were specific to individual speed measures.  Specific candidate genes influencing 
processing speed measures have been largely unsubstantiated, but there have been 
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findings of association with the TNF-alpha-308G-->A polymorphism and a speed 
factor in the elderly (Baune, et al., 2008), BDNF and a psychometric speed measure 
(alphabet-coding task) (Miyajima, et al., 2008), and between APOE e4 allele variation 
and both chronometric and psychometric speed measures in a sample of 70 year olds 
(Luciano, et al., 2009). 
The present study uses the technique of genome wide association (GWA) to 
identify genetic variants influencing processing speed measures.  Four cohorts from 
Australia, Scotland, and Finland were genotyped on the Illumina 610k Quad array and 
had been measured on information processing speed measures, some of which 
overlapped in, at most, three cohorts (e.g., choice RT, inspection time, and digit 
symbol), enabling meta-analysis of these measures.  While the cohorts varied widely 
in age, processing speed has been shown to be fairly stable from childhood to age 70 
(Deary, Johnson, & Starr), therefore, our study will be able to detect genetic variants 
influencing stable variation in processing speed.  
Method 
GWA Study Subjects 
Brisbane adolescent twin sample – Australia. 
Twins and their non-twin siblings were initially recruited as part of ongoing 
studies of melanoma risk factors and cognition (McGregor, et al., 1999; Wright, et al., 
2001).  For the current study, processing speed and genotypic data, following quality 
control described below, were available for a maximum of 1659 individuals (from 730 
families), of whom 266 were monozygotic twin pairs and for whom phenotypic data 
were averaged.  When data were collected, participants ranged in age from 15.4 to 
28.7 (mean = 16.4 years, SD = 0.8) with the sample being Caucasian, predominantly 
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Anglo-celtic (i.e. ethnic outliers were excluded (Medland, et al., 2009)).  Fifty-three 
percent of the sample was female.  Written informed consent was obtained from each 
participant and their parent/guardian (if younger than 18 years) prior to testing.   
Lothian Birth Cohort 1936 (LBC1936) – Scotland. 
This cohort consists of 1,091 relatively healthy individuals assessed on 
cognitive and medical traits at about 70 years of age. They were all born in 1936 and 
most took part at age 11 in the Scottish Mental Survey of 1947. They were Caucasian 
and almost all lived independently in the Lothian region (Edinburgh city and 
surrounding area) of Scotland.  A full description of participant recruitment and 
testing can be found elsewhere (Deary, et al., 2007).  Genomic DNA was isolated 
from 1,071 participants by standard procedure at the Wellcome Trust Clinical 
Research Facility (WTCRF) Genetics Core, Western General Hospital, Edinburgh.  
Twenty-nine samples failed quality control preceding the genotyping procedure.  A 
reduced sample of 992 individuals had both genotype and phenotype data; their mean 
age was 69.55 years (SD = 0.84, range = 67.6 to 71.3 years) at data collection. 
Lothian Birth Cohort 1921 (LBC1921) – Scotland. 
This cohort comprises 550 individuals, who were tested on cognitive and 
medical indices on multiple occasions; at first test wave participants were aged ~79 
years (Deary, Whiteman, Starr, Whalley, & Fox, 2004; Houlihan, et al., submitted).  
They were all born in 1921 and most took part at age 11 in the Scottish Mental Survey 
of 1932.  They were Caucasian and almost all lived independently in the Lothian 
region (Edinburgh city and surrounding area) of Scotland.  The data for this analysis 
was based on the second test occasion, when they were measured on all three relevant 
speed traits.  Genomic DNA was isolated from whole blood from 542 participants by 
standard procedure at Medical Research Council Technology, Western General 
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Hospital, Edinburgh. Sixteen samples failed quality preceding the genotyping 
procedure. A reduced sample of 302 individuals had both genotype and phenotype 
data; their mean age was 83.35 years (SD = 0.54, range = 82.0 to 84.6 years) at data 
collection. 
The Helsinki Birth Cohort Study (HBCS) – Finland. 
The HBCS cohort is composed of 8 760 individuals born between the years 
1934-44 in Helsinki University Central Hospital.  Between 2001 and 2003, a 
randomly selected sample of 928 males and 1 075 females participated in a clinical 
study with a focus on cardiovascular, metabolic and reproductive health, cognitive 
function and depressive symptoms. For the sub-study on cognitive performance we 
invited those subjects from the original sample, who were still living in the greater 
Helsinki area (n = 1586). The 1279 subjects who attended were administered a test of 
cognitive performance in the years 2004–2006. After exclusion of subjects with a 
history of stroke (n = 29), type 1 diabetes (n = 1) and invalid test results (n = 3), the 
sample with valid phenotype and genotype data available for analyses consisted of 
1080 men (n = 472) and women (n =608). The mean age of the subjects at time of 
assessment was 63.9 (SD=2.8) years. The mean age of the men was 63.6 (SD=2.6) 
and of the women was 64.1 (SD=3.0) years. The subjects who attended the cognitive 
test were similar in age, sex, educational attainment and prevalence and duration of 
diabetes to those who did not attend. Detailed information on the selection of the 
HBCS participants and on the study design can be found elsewhere (Barker, Osmond, 
Forsen, Kajantie, & Eriksson, 2005; Eriksson, Osmond, Kajantie, Forsen, & Barker, 
2006; Paile-Hyvarinen, et al., 2009; Raikkonen, et al., 2008).  
Measures 
Brisbane adolescent twin sample. 
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Psychometric speed was measured by the digit symbol substitution test, a 
performance subtest of the Wechsler Adult Intelligence Scale -Revised (Wechsler, 
1981) which requires the participant to pair random digits with their matching 
symbols.  Inspection time and choice RT were the elementary cognitive tasks 
administered.  Inspection time was measured using a backward masked, line 
discrimination task.  A parameter estimation by sequential testing procedure was 
employed (Findlay, 1978; Pentland, 1980) to vary stimulus duration.  To minimise 
bias from random responses and lapses in attention/interest factors, inspection time 
was estimated by fitting post hoc a cumulative normal curve (mean = 0) to accuracy 
as a function of stimulus onset asynchrony. See Luciano et al (2001b) for more 
details.  Mean RT of correct responses on a visual reaction time task with three choice 
conditions (two, four, and eight) was performed on a computer using a keyboard 
response pad.  The number of trials presented in each of the two, four, and eight 
choice conditions was 96, 48, and 96, respectively.  RT trials less than 150 ms or 
greater than 2000 ms were excluded from the calculation of the mean.  See Luciano et 
al for a fuller description of this task (2001a). A general factor, explaining 51% of 
variance, was calculated from a principal components analysis of digit symbol, 4-
choice RT and inspection time. 
LBC1936. 
The information processing speed battery comprised two psychometric tests 
from the WAIS-III
UK 
 (digit symbol coding and symbol search) and two elementary 
cognitive tasks, RT and inspection time, which will be described briefly here; a full 
account of each test is given in Deary et al. (2007).  Mean of correct trials on a simple 
RT (20 trials) and 4-choice RT (40 trials) task were used to assess speed of 
information processing.  For simple RT, the participant is required to press a response 
Please cite this article in press as: Luciano, M., et al., Whole genome association scan for genetic 




key as fast as possible following the occurrence of a zero on the LCD screen. Four-
choice RT requires the participant to press the corresponding response key when a 
target of 1, 2, 3 or 4 appears on the screen.  The inspection time task is a two-
alternative, forced choice, backward masking, visual discrimination task, requiring 
participants to make a discrimination, with no pressure on response time, regarding 
which of two parallel, vertical lines of markedly different lengths was longer. The 
stimuli and psychophysical procedure were the same as those used in Deary et al. 
(2004), with a prescribed number of trials given at different stimulus durations. The 
correctness of each response across the 150 trials was recorded as the outcome 
variable.  A general factor, explaining 59% of variance, was calculated from a 
principal components analysis of digit symbol, 4-choice RT mean and inspection 
time. 
LBC1921. 
Digit symbol, simple RT, 4-choice RT and inspection time were measured as 
per the protocol described for the LBC1936.  A general factor, explaining 63% of 
variance, was calculated from a principal components analysis of digit symbol, 4-
choice RT mean and inspection time. 
HBCS. 
Psychomotor speed was measured with two tests being part of a standardised 
language independent computerized battery of cognitive tests (CogState1, version 
3.0.5). This battery has been validated and shown to be a sensitive indicator of mild 
impairments in the following cognitive domains: psychomotor speed, attention, 
working memory and episodic learning and memory (Collie, Darby, & Maruff, 2001; 
Collie, et al., 2003; Darby, Maruff, Collie, & McStephen, 2002). In the tasks 
participants were asked to pay attention to playing cards on a computer screen. The 
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test battery takes approximately 15 min to complete and is preceded by a practice 
round.  In the simple RT task, which assesses psychomotor function and speed of 
processing, a single card is presented face-down on the computer screen. The subject 
is asked to press the spacebar as soon as the card turns face-up. This is repeated 35 
times with random time intervals. This task is administered twice - first and last in the 
test battery - and the mean RT is calculated. In the 2-choice RT task, subjects are 
asked to indicate whether the turning playing card on the screen is red by pressing 
either K (‘‘yes’’) or D (‘‘no’’). The stimulus is repeated 30 times and the mean RT is 
calculated. 
Genotyping, Quality Control and Imputation. 
DNA was extracted from blood samples and SNP genotyping was performed 
with the Illumina 610k Quad Bead chip either by deCODE Genetics (Brisbane cohort) 
or WTCRF (LBC1921 and LBC1921 cohorts) or with a modified Illumina 610k chip 
by the Wellcome Trust Sanger Institute, Cambridge, UK (HBCS).  In the Brisbane 
adolescent twin cohort, genotype data (1817 samples) were checked for pedigree, sex, 
and Mendelian errors, and for ancestry (using HapMap3 and GenomeEUTwin 
individuals as a reference panel). Five individuals were removed because of gender 
inconsistencies, and 28 individuals (14 twin pairs) because of non-European ancestry. 
Quality control filters, as previously described (Medland, et al., 2009), ensured no 
samples had a call rate 0.95, and that all SNPs included in analyses had the 
following characteristics: call rate 0.95, minor allele frequency 0.01, and HWE test 
with P 1x10
-6
.  In the LBC cohorts (LBC1936 =1042 and LBC1921 =526 samples), 
individuals were checked for disagreement between genetic and reported gender (n = 
12 in LBC1936 and n = 1 in LBC1921). Relatedness between subjects was 
investigated and, for any related pair of individuals, one was removed (n = 8, 
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LBC1936; n = 1, LBC1921). Samples with a call rate  0.95 (n = 16, LBC1936; n = 6, 
LBC1921), and those showing evidence of non-caucasian ascent, were also removed 
(n = 1, LBC1936; n = 2, LBC1921).  SNPs were included in the analyses if they met 
the following conditions: call rate  0.98, minor allele frequency  0.01, and HWE 
test with P  0.001. Thus after quality control procedures 1005 and 517 samples 
remained for the LBC1936 and LBC1921 cohorts respectively.  In the HBCS, none of 
the participants showed non-European ancestry. Relatedness of the participants was 
examined with the pair-wise IBD estimates and closely related individuals were 
excluded from the analyses. Moreover, participants with X-chromosomal genotypes 
discrepant with the reported sex were removed (N = 8). After quality control 
procedures 1728 samples remained for the analyses. SNPs were included in the 
analyses if they met the following conditions: call rate  0.95, minor allele frequency 
 0.01, and HWE test with P 1x10
-5
. 
Because all cohorts used the same genotyping chip, the genotyped marker 
panel was analysed, but in the Australian and Scottish cohorts imputed genotypes 
were used where cases and SNPs were missing within samples.  This ensured that the 
full panel of markers was available in each cohort.  The HapMap phase II CEU data 
(NCBI build 36 (UCSC hg18)) was used as the reference sample for imputation using 
MACH software.  In the Australian and Scottish cohorts, SNPs with low imputation 
(r-squared < 0.30) were excluded, and in all cohorts, SNPs with low minor allele 
frequency (MAF < .01) were excluded.   
Statistical Analyses. 
Genome-wide association analyses were conducted in each study 
independently using linear regression (under an additive model) of standardised 
measures and including sex and age as covariates.  We used the family based score 
Please cite this article in press as: Luciano, M., et al., Whole genome association scan for genetic 




test implemented in Merlin for the Brisbane cohort, and PLINK software for the 
Scottish and Finnish cohorts.   
METAL (Abecasis) was used to perform meta-analysis of the results; it uses 
the weighted inverse variance method, computing a pooled effect estimate (ln(beta)), 
its standard error and its p-value by weighting the effect estimates of each cohort by 
the inverse of its variance and by incorporating the direction of effect.  Automatic 
correction for any population stratification effects, if necessary, was done by applying 
genomic control, although individual cohort lambda values for each variable ranged 
between 0.97 and 1 (see Supplementary Figure 1 for genomic control inflation values 
for reported results).  A chi-square test for heterogeneity tested whether the regression 
coefficients differed significantly between the cohorts contributing to the meta-
analysis. 
We used a genome-wide significance level of p<1.21 x 10
-8
 and a suggestive 
level of significance of p<1.21 x 10
-5
 as proposed for the Illumina 317K panel of 
markers (adjusted for SNP non-independence) (Duggal, Gillanders, Holmes, & 
Bailey-Wilson, 2008). While this is a liberal criterion because we used a larger chip, 
no SNPs reached genome-wide significance.  Using the genome-wide significance 
alpha level, power calculations for our maximum sample were 36% to detect an effect 
size of 1% which increased to 80% for an effect size of 1.5%; the more liberal 
suggestive significance level gave a power of 83% to detect an effect size of 1%.  We 
also present supplementary results of our top 100 SNPs because evidence is 
accumulating that for complex traits (e.g. height) effect sizes are too small to pass the 
stringent significance tests of genome-wide association (Yang, et al., 2010).   
Biological pathways analysis was undertaken for all variables using 
ALIGATOR (Holmans, et al., 2009) and for the speed factor only using the SNPratio 
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test (O'Dushlaine, et al., 2009).  Because ALIGATOR can use meta-analysis p-values 
to generate results, all variables were run through this program.  SNPratio, on the 
other hand, is computer intensive requiring raw genotype data, therefore, only one 
variable was analysed (the composite speed factor) and this was done separately by 
cohort.  In brief, ALIGATOR counts the number of significant genes (based on a 
nominal SNP association) in Gene Ontology (GO) categories that arise more often 
than would be expected by chance (empirical p-values of GO category membership 
are established via permutation of randomly drawn genes).  We used a p-value of .01 
for inclusion of nominally significant SNPs, 5000 replicate gene lists and 1000 
replicate studies (used to judge study-wide significance levels for individual 
categories).  The SNPratio test compares the proportion
 
of nominally significant (p < 
.05) SNPs within genes to all SNPs within genes that relate to a specific biological 
pathway (from 220 experimentally validated pathways described in the Kyoto 
Encyclopaedia of Genes and Genomes (KEGG)).  The NCBI definition of gene 
boundaries (including the 5kb upstream and 2kb downstream flanking region), was 
used to define a gene.  An empirical p-value is estimated from the comparisons to 
ratios
 
in datasets where the trait score has
 
been randomised (1000 permutations).  
Because PLINK output was used for this analysis, the Brisbane cohort was re-run 
using PLINK on a randomly selected single member from each family.  It should be 
noted that pathway categories differ between GO and KEGG databases.  The GO 
categories are descriptors of gene products that fall into three broadly defined groups: 
biological process, cellular component and molecular function, whereas the KEGG 
database contain pathways that have been constructed through knowledge of 
molecular interaction and reaction networks. 
Results 
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Descriptive statistics of the measures, including their correlation with age and 
with other variables, are shown in Table 1.  No SNPs exceeded the genome-wide 
significance level for any of the traits; q-q plots with their 95% confidence intervals 
for all measures can be found in the Supplementary Figure 1. 
 
INSERT TABLE 1 ABOUT HERE 
 
The results for SNPs exceeding suggestive significance level are shown in 
Table 2; see Supplementary Table 1 for top 100 SNPs.  For digit symbol, six SNPs 
showed suggestive significance with three of these SNPs in strong linkage 
disequilibrium (LD) with each other; they were located in or nearby two known 
genes, ATRNL1 and KRTAP7-1, although none were exonic.  Eight SNPs in three 
genes were shown to be associated (at suggestive levels) with symbol search in the 
LBC1936 cohort.  The effect sizes of these SNPs were relatively large, ranging 
between 0.21 and 0.43, but larger standard errors accompany these estimates 
demonstrating the reduced power of the analysis for individual cohorts.  There were 
five SNPs that passed the suggestive significance criterion for inspection time, and 
two of these were located in a single known gene, CRTC3. For simple RT, 11 SNPs 
were identified at the suggestive level of significance, with a SNP on chromosome 3 
located in MYRIP.  For 2-choice RT mean, 10 SNPs (on 6 chromosomes and two in 
DCDC2) showed suggestive association. The beta weights for all top SNPs for each 
trait were homogenous between cohorts (P > 0.05). For 4-choice RT, five SNPs 
showed suggestive significance, they were located in FAM110C, DIP2C and KCTD2.    
In the Australian cohort, the majority of SNPs showing suggestive association with 8-
choice RT mean were in almost perfect LD with each other.  SNPs on five 
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chromosomes were identified and two known genes were implicated (RAB11F1P2, 
LAPTM4A).  Minor allele frequencies were above 0.07 and effect sizes ranged 
between 0.18 and 0.41.  Six SNPs were suggestively significant for the processing 
speed factor; some were located in PDE1C and PKNOX1 genes.  Only one SNP 
(rs1375785) showed suggestive association with multiple measures (2- and 8-choice 
RT). 
INSERT TABLE 2 ABOUT HERE 
 
Biological Pathways Analysis 
 The results of the biological pathways analysis of all the speed measures – 
using ALIGATOR software - are shown in Supplementary Table 2.  Pathways which 
overlapped across measures are shown in Table 3.  Most of these were part of the 
biological process category: the three terms associated with inspection time and the 
speed factor related to vascular process; the two terms associated with simple RT and 
4-choice RT were related to biosynthetic process; while the term associated with 
inspection time and 8-choice RT was a renal system process involved in regulation of 
systemic arterial blood pressure.  The cellular component associated with the choice 
RT measures comprised terms that were all related to organelle and cell components.  
The three terms represented in the molecular function category associated with simple 
RT, choice RT, inspection time and digit symbol were in different pathways. 
 
INSERT TABLE 3 ABOUT HERE 
 
Table 4 shows the results of the SNPratio pathways analysis undertaken for 
the speed factor in the Brisbane and LBC1936 cohorts.  Two pathways, focal adhesion 
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and cell junction, were identified in both cohorts.  Interestingly, the ALIGATOR 
results for the speed factor also showed an association with the regulation of focal 
adhesion formation category (P = .004).  We searched these two pathways for SNPs 
that were nominally significant in both cohorts.  No SNPs were identified that were 
exclusively tied to the cell junction pathway, that is, they were also linked with the 
focal adhesion pathway.  There were twenty-seven of these (in five known genes: 
LAMB4, COL5A1, COL4A1, VTN, and LAMA1).  Seventeen SNPs in six genes 
(MAPK10, ITGA2, PIK3R1, TLN2, PRKCA, and PARVB) were identified only in the 
focal adhesion pathway.  This included one non-synonymous coding SNP (rs704) on 
chromosome 17 in the VTN gene.  The two significant biological pathways identified 
in the Brisbane and LBC1936 cohorts were not significant in the smaller LBC1921: 
focal adhesion pathway, p = 0.85; cell junction pathway, p = 0.99.  Nor were any of 
the nominally significant SNPs identified within these pathways replicated (p > 0.05). 
 
INSERT TABLE 4 ABOUT HERE 
 
Discussion 
This was the first genome-wide association scan of chronometric information 
processing speed measures with a number of SNPs showing suggestive association 
with various traits in both the adolescent and elderly cohorts.  Some of these SNPs 
were in genes that appeared to be theoretically relevant to cognitive processing.  
Furthermore, a biological pathways analysis revealed SNPs in the cell junction and 
focal adhesion pathways to be overrepresented at a nominal significance level for the 
speed factor.  Pathways analysis of the other traits showed that biological process 
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pathways (sets of molecular events with a defined beginning and end) were 
overrepresented among the associations of pathways with multiple variables. 
Up to 11 (for 2-choice RT) mostly independent SNPs were identified for the 
measures at a suggestive significance level.  For every SNP located in or nearby a 
gene a NCBI database search was performed to check the gene function and any 
previously reported associations with cognition-related traits.  A number of candidate 
genes were suggested by this bioinformatics search (see Table 5).  Some of these have 
been associated with psychiatric diseases characterised by cognitive impairment of 
some sort (e.g., dyslexia, Alzheimer’s disease (AD)), while others are involved in 
metabolic syndromes which are known to have negative effects on cognition.  The 
association with immune system related disorders is also interesting because a 
polymorphism in TNF-alpha (which encodes a proinflammatory cytokine) has been 
associated with processing speed in the elderly (Baune, et al., 2008)).   
 
INSERT TABLE 5 ABOUT HERE 
 
The speed measures were inter-correlated, and in the Brisbane sample have 
been shown to be genetically related (Luciano, et al., 2004), we therefore expected 
some overlap between these measures in the GWA results.  Only one of the top hits 
overlapped across measures (2-choice and 8-choice RT) and this SNP was not located 
near any known gene.  Importantly, most of the top hits for each measure showed 
nominally significant associations with other speed measures. The top hits for digit 
symbol, symbol search and 4-choice RT were all nominally significant with other 
speed measures; and one of the top hits for inspection time, simple RT, and all choice 
RT conditions each showed nominal association with four other speed measures.  It is 
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interesting to note that for symbol search, which was only measured in the LBC1936, 
there were associations with variables that were unmeasured in this cohort (i.e., 2-
choice and 8-choice RT) suggesting that not all the common associations can be 
attributed to correlated type 1 error.  The speed factor was most frequently nominally 
associated with the top hits from other variables and these were not restricted to the 
measures of which it was composed, suggesting that it was tapping reliable variance 
related to general speed processes. 
Like our study, a previous genome-wide association study of digit symbol and 
symbol search did not uncover any genome-wide significant associations (Cirulli, et 
al.).  This study was less powered than ours with a sample size of 1086 and 414 for 
the respective measures; none of their 100 top SNPs for each analysis overlapped with 
our top 100.  However, for digit symbol eight of their top 100 SNPs (rs9302365, 
rs2280645, rs10500956, rs1874989, rs17572757, rs4880535, rs9310772, rs9883639) 
were significant at a nominal level from 89 that we had results for; two of these SNPs 
were in the ADARB2 gene. For symbol search, three of their top 100 SNPs from 92 
that we had results for were nominally significant, these included: rs11812109, 
rs16896091, and rs4723454. Our study agrees with theirs in that common genes do 
not influence psychometric speed measures with large effect size.    
Biological pathways analysis linked to the GO database uncovered a number 
of pathways common to multiple measures, in particular, the choice RT measures.  
Across the measures, there was a recurrence of associations with gene products 
related to vascular and biosynthetic processes and to organelle and cell components.  
Using the manually defined pathways from KEGG to investigate the speed factor, two 
pathways - cell junction and focal adhesion - were identified in the Australian and 
Scottish LBC1936 cohorts, and when we traced the significant SNPs in these 
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pathways, 44 SNPs were identified in 11 genes.  These genes were all in the focal 
adhesion pathway, although five of these were also involved in cell junction.  Focal 
adhesions are structures consisting of proteins at cell-extracellular matrix (ECM) 
adhesions, and they are involved in controlling cell behaviour.  This pathway was also 
implicated for the speed factor in the ALIGATOR analysis using GO terms.  Of the 
significant genes we identified in this pathway, several are particularly interesting due 
to their link with AD.  The alpha 1 laminin isoform is over-expressed in AD frontal 
cortex and presents as punctate deposits in the senile plaques, and in the astrocytes of 
grey and white matter (Palu & Liesi, 2002), providing a basis for linking LAMA1 to 
the aetiology of AD.  Type 4 collagen (COL4A1 is part of the gene family coding for 
this protein) has also been localised within the senile plaques as punctuate deposits 
(Kiuchi, Isobe, & Fukushima, 2002); and integrins (e.g., ITGA2 gene product) have 
been identified immunohistochemically in cerebal amyloid plaques (Eikelenboom, 
Zhan, Kamphorst, van der Valk, & Rozemuller, 1994), again suggesting that variation 
in these relevant genes might be important.  By the same logic, reduced levels of 
protein kinase C alpha (e.g., PRKCA gene product) have been linked to an altered 
amyloid precursor protein secretion in fibroblasts from AD patients (Benussi, et al., 
1998).  The only gene (of those we identified in the focal adhesion pathway) to be 
directly tested for association with AD is PIK3R1 (Liolitsa, Powell, & Lovestone, 
2002).  Here, the Met326Tyr polymorphism showed association with risk of late-onset 
AD in women and in patients where the APOE e4 allele was not present; this was 
argued to relate to impaired insulin mediated signal transduction.
In summary, our study used two approaches to help localise genetic variants 
influencing information processing speed: association with single SNPs and 
association within significant biological pathways.  Our speed measures shared 
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common variance, and this overlap was demonstrated for most of the top association 
signals in the SNP analysis, where at least one, and up to four, other variables were 
nominally associated.  Only one SNP reached suggestive association levels for 
multiple traits (i.e., 2- and 8-choice RT), suggesting that pleiotropic genes have 
different strengths of association with correlated traits.  Further, it might be that much 
smaller gene effects (and not detectable in our study at genome-wide level) influence 
pleiotropy among speed traits and, conversely, genes with larger effect influence the 
unique genetic variance also known to influence speed measures.  Five of the 
candidate genes identified from the biological pathways analysis of the speed factor 
were implicated in the pathophysiology of AD.  Several genes (e.g., APOE, APP) 
predisposing to AD have been associated with variation in normal cognition, and there 
is some indication that the effect of these genes may be stronger for processing speed 
than for general intelligence or even memory (Harris, et al., 2007; Luciano, et al., 
2009).  Thus, the pursuit of AD genes in normal cognition, and especially processing 
speed traits, might prove worthwhile.   
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